INTRODUCTION {#s1}
============

The grass family (Poaceae) has approximately 10,000 species, including important food crops such as rice, maize, sorghum, barley and wheat ([@DEV175398C19]). The flowers of these species are organized in a unique and diagnostic structure called spikelet (literally 'little spike'), which is a compact inflorescence developing within the larger inflorescence ([@DEV175398C29]). A spikelet typically has two sterile bracts (called glumes) enclosing one or more florets. Each floret includes a carpel, three or six stamens and two modified scales (called lodicules), all subtended by two bract-like organs, the palea and the lemma ([@DEV175398C36]).

Grass inflorescences have been described as a progressive acquisition of different meristem identities that begins with the transition of the vegetative shoot apical meristem (SAM) to an inflorescence meristem (IM). The IM generates lateral primary branch meristems (PBMs) and secondary branch meristems (SBM) that terminate into spikelet meristems (SMs), which generate glumes and lateral floral meristems (FMs) ([@DEV175398C30]). This model has been a useful phenomenological description but is too rigid to explain some grass branching mutants, so a more flexible model is emerging in which meristem fate is regulated by the genes expressed at discrete signal centers localized adjacent to the meristems ([@DEV175398C46]).

In wheat, shortening of the inflorescence branches results in spikelets attached directly to the central axis or rachis and the formation of a derived inflorescence, a spike in which spikelets are arranged alternately in opposite vertical rows (a distichous pattern) ([@DEV175398C20]). In the initial stage, the IM generates a double-ridge structure in which the lower leaf ridges are suppressed and the upper ridges acquire SM identity and form spikelets. The number of spikelets per spike is determined by the number of lateral meristems formed before the transition of the IM into a SM to form the terminal spikelet. In wheat, the growth of the spike is determinate, but the growth of each spikelet is indeterminate, with each SM initiating a variable number of FMs ([@DEV175398C6]). The numbers of spikelets per spike and florets per spikelet determine the maximum number of grains per spike and are important components of wheat grain yield potential.

Studies in *Arabidopsis*, which has a simpler inflorescence than grasses ([@DEV175398C29]), have shown that MIKC-type MADS-box transcription factors APETALA1 (AP1), CAULIFLOWER (CAL) and FRUITFULL (FUL) are critical in the determination of floral meristem identity. In the triple *ap1calful* mutant, the IM is not able to produce flowers and reiterates the development of leafy shoots ([@DEV175398C11]). MIKC-type MADS-box proteins have a highly conserved MADS DNA-binding domain, an intervening (I) domain, a keratin-like (K) domain, and a C-terminal domain (C). These proteins bind as dimers to DNA sequences named 'CArG' boxes, and organize in tetrameric complexes that can recognize different CArG boxes. The multimeric nature of these complexes generates a large number of combinatorial possibilities with different targets and functions ([@DEV175398C16]; [@DEV175398C41]).

In rice, combined loss-of-function mutations in *MADS14* and *MADS15* resulted in inflorescences with leaf-like organs on top of the primary branches ([@DEV175398C49]). Simultaneous knockdown of rice *MADS14*, *MADS15* and *MADS18* in a *pap2* mutant background (*PAP2* is also known as *MADS34*) eliminated the formation of primary branches, and resulted in the formation of lateral vegetative tillers subtended by leaves ([@DEV175398C22]). The wheat orthologs of rice *MADS14*, *MADS15* and *MAD18* are *VERNALIZATION 1* (*VRN1*), *FUL2* and *FUL3*, respectively. A phylogenetic analysis of the proteins encoded by these genes ([Fig. S1](Fig. S1)) indicates that the *Arabidopsis* and grass proteins have independent sub-functionalization stories ([@DEV175398C34]). In the grass lineage, the *VRN1* and *FUL2* clades are closer to each other than to the *FUL3* clade ([@DEV175398C34]). Mutations causing large truncations in the proteins encoded by the two *VRN1* homeologs in tetraploid wheat delayed heading time, but did not alter spikelet morphology or the ability of flowers to form viable grains ([@DEV175398C5]). Since *FUL2* and *FUL3* are the closest paralogs of *VRN1*, we hypothesized that they could have redundant spikelet and floral meristem identity functions.

In this study, we combined loss-of-function mutants for the two homeologs of *VRN1*, *FUL2* and *FUL3* to generate double- and triple-null mutants in the same tetraploid background. Characterization of these mutants revealed that *VRN1*, *FUL2* and *FUL3* have overlapping roles in the regulation of flowering time and stem elongation and, more importantly, that they play critical and redundant roles in spikelet development, suppression of the lower leaf ridge and spike determinacy. Individual *vrn1* and *ful2* mutants showed significant increases in the number of spikelets and grains per spike, suggesting that manipulations of these genes may contribute to increasing wheat grain yield potential.

RESULTS {#s2}
=======

Combination of loss-of-function mutations in *VRN1*, *FUL2* and *FUL3* {#s2a}
----------------------------------------------------------------------

We identified point mutations in the A and B genome homeologs of *FUL2* and *FUL3* in an ethyl methane sulfonate (EMS)-mutagenized population of the tetraploid spring wheat variety Kronos ([@DEV175398C23]; [@DEV175398C44]). We selected mutations that generated premature stop codons or modified splice sites. The proteins encoded by these mutant alleles are predicted to have large deletions or complete truncations of the K and C domains ([Fig. S2](Fig. S2); Materials and Methods) and, therefore, are most likely not functional. We backcrossed each individual mutant two to three times into a Kronos *vrn-2* null background ([@DEV175398C10]) to reduce background mutations. This genetic background was used to avoid the extremely late flowering of plants carrying the *vrn1-*null mutation in the presence of the functional *VRN2* flowering repressor ([@DEV175398C5]). All mutants described in this study are in Kronos *vrn2-*null background, which is referred to as 'Control' in all figures.

We intercrossed the mutants in the A and B homeologs for each gene and selected plants homozygous for both mutations. For simplicity, mutants with loss-of-function mutations in both homeologs will be referred to as null mutants (e.g. *vrn1-*null). The *ful2-*null and *ful3-*null mutants were crossed with *vrn1-*null ([@DEV175398C5]) to generate *vrn1ful2-*null and *vrn1ful3-*null mutants, which were intercrossed to generate all eight homozygous *VRN1*, *FUL2* and *FUL3* allele combinations including the triple *vrn1ful2ful3*-null mutant. These eight genotypes were analyzed for stem length ([Fig. 1](#DEV175398F1){ref-type="fig"}A) and number of leaves ([Fig. 1](#DEV175398F1){ref-type="fig"}B) using three-way factorial ANOVAs ([Fig. 1](#DEV175398F1){ref-type="fig"}C). Fig. 1.**Effect of *VRN1*, *FUL2* and *FUL3* on stem length, leaf number and heading time.** Kronos plants (*vrn2*-null background) grown under long-day photoperiod. Stem length was determined from the base of the plant to the base of the spike. (A) Stem length in cm (*n*=6-12). (B) Number of true leaves (*n*=6-12). Alleles in red indicate homozygous null mutants and alleles in black homozygous wild-type alleles. (C) *P*-values from three-way ANOVAs for stem length and leaf number including all eight homozygous *VRN1*, *FUL2* and *FUL3* allele combinations (*n*=59). \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001; \*\*\*\**P*\<0.0001; NS, *P*\>0.05. (D) Heading time of *vrn1*-null (*n*=6) versus control (*n*=6). (E) Heading time of *ful2ful3*-null (*n*=15) vs control (*n*=10) in a *Vrn1* background. D and E are separate experiments. Error bars are s.e.m. \*\*\**P*\<0.001; NS, *P*\>0.05, calculated by unpaired, two-tailed *t*-tests.

*VRN1*, *FUL2* and *FUL3* loss-of-function mutations reduce stem elongation {#s2b}
---------------------------------------------------------------------------

Since some mutant combinations lack real spikes, we determined final stem length from the base of the plant to the base of the spike (or spike-like structure) instead of total plant height. Plants carrying only the *ful3-*null mutation showed no significant reduction in stem length, but those carrying the *vrn1-*null or *ful2-*null mutations were 20% and 14% shorter than the control, respectively ([Fig. 1](#DEV175398F1){ref-type="fig"}A). A three-way factorial ANOVA for stem length revealed highly significant effects for all three genes ([Fig. 1](#DEV175398F1){ref-type="fig"}C). All three double-mutant combinations had shorter stems than predicted from combined additive effects of the individual mutations, which was reflected in significant synergistic interactions ([Fig. 1](#DEV175398F1){ref-type="fig"}C). Taken together, these results indicate that *VRN1*, *FUL2* and *FUL3* have redundant roles in the regulation of stem elongation, and that the effect of the individual genes is larger in the absence of the other paralogs.

*VRN1*, *FUL2* and *FUL3* mutations delay flowering time {#s2c}
--------------------------------------------------------

Functional redundancy among *VRN1*, *FUL2* and *FUL3* was also observed for heading time. The *vrn1*-null mutant headed 37.5 days later than the control ([Fig. 1](#DEV175398F1){ref-type="fig"}D), but differences in heading time for the *ful2-*null, *ful3-*null and *ful2ful3*-null mutants in the presence of the strong *Vrn-A1* allele were non-significant ([Fig. 1](#DEV175398F1){ref-type="fig"}E). For the *vrn1ful2-*null and *vrn1ful2ful3-*null mutants, it was not possible to determine heading time accurately because they had short stems and abnormal spikes that interfere with normal ear emergence. Instead, we determined the final number of leaves ([Fig. 1](#DEV175398F1){ref-type="fig"}B) and the timing of the transition between the vegetative and double-ridge stages ([Fig. S3](Fig. S3)).

A three-way factorial ANOVA for leaf number revealed highly significant effects for the three individual genes, as well as for all the two- and three-way interactions ([Fig. 1](#DEV175398F1){ref-type="fig"}C). The *vrn1*-null mutant had on average 14.4 leaves (59%\>control; [Fig. 1](#DEV175398F1){ref-type="fig"}B), which was consistent with its later heading time ([Fig. 1](#DEV175398F1){ref-type="fig"}D). Similar leaf numbers were detected in *vrn1ful2-*null (14.3) and *vrn1ful3-*null (14.9), but the triple *vrn1ful2ful3-*null mutant had on average 17.7 leaves ([Fig. 1](#DEV175398F1){ref-type="fig"}B), which was consistent with the 9- to 12-day delay in the transition between the vegetative SAM and the double-ridge stage relative to the *vrn1-*null control ([Fig. S3](Fig. S3)). These results indicate that *FUL3* has a residual ability to accelerate flowering in the absence of *VRN1* and *FUL2.*

Transgenic Kronos plants overexpressing the coding regions of *FUL2* fused with a C-terminal 3×HA tag (henceforth *Ubi::FUL2*; [Fig. S4A](Fig. S4A), events \#1 and \#6) or *FUL3* fused with a C-terminal 4×MYC tag (henceforth *Ubi::FUL3*; [Fig. S4B](Fig. S4B), events \#4 and \#5) headed 2-4 days earlier than the non-transgenic sister lines (*P*\<0.0001). The effect of *Ubi::FUL2* was further characterized in the F~2~ progeny from the cross between *Ubi::FUL2* (*Vrn1Vrn2*) and *vrn1vrn2*-null under greenhouse conditions. A three-way factorial ANOVA for heading time showed significant effects for *VRN1*, *Ubi:FUL2* and *VRN2* and for all two- and three-way interactions (*P*\<0.0001, [Table S3](Table S3)). In the presence of a functional *VRN2* allele, the differences in heading time between *FUL2* wild type (*FUL2-*wt) and *Ubi::FUL2* alleles were small in lines homozygous for the functional *VRN1* allele (2.6 days; [Fig. S4A](Fig. S4A)), intermediate in *VRN1* heterozygous lines (11.1 days; [Fig. S4C](Fig. S4C)) and large in homozygous *vrn1-*null mutants (53 days; [Fig. S4D](Fig. S4D)). These results indicate that the effect of the *Ubi::FUL2* transgene on heading time depends on the particular *VRN1* and *VRN2* alleles present in the genetic background ([Fig. S4C,D](Fig. S4C,D)).

In summary, the strong effect of *VRN1* in the acceleration of wheat flowering time can mask the smaller effects of *FUL2* and *FUL3*, but in the absence of *VRN1*, both *FUL2* and *FUL3* have redundant effects on accelerating wheat flowering time.

Flowering delays in *VRN1*, *FUL2* and *FUL3* mutants are associated with reduced *FT1* transcript levels in leaves {#s2d}
-------------------------------------------------------------------------------------------------------------------

Since there is a known positive feedback regulatory loop between *VRN1* and *FT1* ([@DEV175398C40]), we compared the *FT1* transcript levels in the leaves of the different *VRN1*, *FUL2* and *FUL3* mutant combinations. *FT1* transcript levels higher than *ACTIN* were observed in leaves of 4-week-old plants carrying the *Vrn1* wild-type allele, but were detected only after 10 weeks in plants carrying the *vrn1-*null allele ([Fig. S5A,B](Fig. S5A,B)). This result is consistent with the large differences in heading time between these genotypes ([Fig. 1](#DEV175398F1){ref-type="fig"}D). *FT1* transcript levels in the 10-week-old *vrn1-*null plants was highest in the presence of the *FUL2* and *FUL3* wild-type alleles and lowest in the triple mutant ([Fig. S5C](Fig. S5C)), consistent with the higher number of leaves in this genotype ([Fig. 1](#DEV175398F1){ref-type="fig"}B). Even in the *vrn1ful2ful3-*null plants, *FT1* transcript levels increased above *ACTIN* in 14-week-old plants ([Fig. S5D](Fig. S5D)). Taken together, these results indicate that *FT1* expression levels in the leaves are positively regulated by *VRN1*, *FUL2* and *FUL3*, but that they can also be upregulated in the absence of all three of these genes.

*VRN1*, *FUL2* and *FUL3* play critical and redundant roles in spikelet development {#s2e}
-----------------------------------------------------------------------------------

Plants with individual *vrn1-*null, *ful2-*null and *ful3-*null mutations produced normal spikelets and flowers, but *vrn1ful2-*null or *vrn1ful2ful3-*null mutants had spike-like structures in which all lateral spikelets were replaced by leafy shoots ([Fig. 2](#DEV175398F2){ref-type="fig"}A-J), henceforth referred to as 'inflorescence tillers'. Removal of these inflorescence tillers revealed a thicker and shorter rachis with fewer internodes of variable length, but still retaining the characteristic alternating internode angles typical of a wild-type rachis ([Fig. 2](#DEV175398F2){ref-type="fig"}B). Fig. 2.**Phenotypic characterization of the *vrn1ful2* and *vrn1ful2ful3* mutants.** (A) Stems and heads of *vrn1-*null, *vrn1ful2-*null and *vrn1ful2ful3-*null mutants (leaves were removed before photography). (B) Rachises of the different mutants. Arrows indicate the position of the first spikelet before removal. (C-G) *vrn1ful2-*null mutant. (C) Spike-like structure. Arrow points to the bract subtending a basal inflorescence tiller. (D) Spike-like structure after removal of the inflorescence tillers to show subtending bracts (arrows). (E) Dissection of an inflorescence tiller showing two glumes and one lemma partially transformed into leaves, followed by four leaves. The inset with yellow border shows the meristem transition into an IM with lateral VMs. (F) Detail of white rectangle in E revealing an ovary, two anthers, and leafy-lemma and palea. (G) Leafy palea and lodicules subtending one anther and two ovaries. (H-J) *vrn1ful2ful3-*null mutant. (H) Normal leaves L11 to L18 with no axillary buds. L19 marks the beginning of the spike-like structure in which spikelets have been replaced by tillers subtended by leaves (L19 and L20) or bracts. (I,J) Detail of the tillers subtended by L19 (I) and L20 (J). Insets in white rectangles are the SAM of these tillers (transitioning into IM with lateral VM) and the yellow rectangle presents the exhausted IM.

In *vrn1ful2-*null mutants, ∼70% of the central inflorescence tillers had leafy glumes, lemmas and paleas and abnormal floral organs, whereas the rest were fully vegetative. Floral abnormalities included leafy lodicules, reduced number of anthers, anthers fused to ovaries, and multiple ovaries ([Fig. 2](#DEV175398F2){ref-type="fig"}E-G). After the first modified floret, meristems from these inflorescence tillers developed 2-5 true leaves before transitioning again to an IM generating lateral VMs ([Fig. 2](#DEV175398F2){ref-type="fig"}E). The combined presence of floral organs and leaves suggests that the originating meristem had an intermediate identity between VM and SM before transitioning to an IM. In the *vrn1ful2-*null double mutant the inflorescence tillers were subtended by bracts ([Fig. 2](#DEV175398F2){ref-type="fig"}C,D).

In *vrn1ful2ful3-*null mutants, the lateral meristems generated inflorescence tillers that had no floral organs, and that were subtended by leaves in the basal positions and bracts in more distal positions ([Fig. 2](#DEV175398F2){ref-type="fig"}H-J). The presence of well-developed axillary tillers in these basal inflorescence leaves ([Fig. 2](#DEV175398F2){ref-type="fig"}H, L19 and L20) marked the border of the spike-like structure, because no axillary tillers or developing buds were detected in the true leaves located below this border ([Fig. 2](#DEV175398F2){ref-type="fig"}H, L11-L18).

Scanning electron microscopy (SEM) images of the early developing inflorescences in the *vrn1ful2-*null and *vrn1ful2ful3-*null mutants revealed elongated double-ridge structures similar to those in Kronos ([Fig. 3](#DEV175398F3){ref-type="fig"}A) or *vrn1-*null ([Fig. 3](#DEV175398F3){ref-type="fig"}C) plants. Suppression of the lower leaf ridge was complete in Kronos ([Fig. 3](#DEV175398F3){ref-type="fig"}A) and in *vrn1-*null ([Fig. 3](#DEV175398F3){ref-type="fig"}D, red arrows), but was incomplete in *vrn1ful2-*null ([Fig. 3](#DEV175398F3){ref-type="fig"}B,E, yellow arrows), and even weaker in *vrn1ful2ful3-*null ([Fig. 3](#DEV175398F3){ref-type="fig"}C,F, green arrows). As a result of this change, inflorescence tillers were subtended by bracts in *vrn1ful2-*null ([Fig. 2](#DEV175398F2){ref-type="fig"}C,D) and by leaves in *vrn1ful2ful3-*null ([Fig. 2](#DEV175398F2){ref-type="fig"}H,I). The upper ridges ([Fig. 3](#DEV175398F3){ref-type="fig"}A-C, dots) transitioned into normal SMs in *vrn1-*null, with glume and lemma primordia ([Fig. 3](#DEV175398F3){ref-type="fig"}D,G), but looked like typical vegetative meristems in *vrn1ful2-*null and *vrn1ful2ful3-*null plants ([Fig. 3](#DEV175398F3){ref-type="fig"}E,F,H,I). Fig. 3.**Scanning electron microscopy images.** Early double-ridge stage (A-C) and later stage (D-I) showing the fate of the lateral meristems. (A) Kronos control. (D,G) *vrn1-*null control. Red arrows indicate the repressed lower leaf ridge, and red dots the upper ridges that develop into normal spikelets (D,G). (B,E,H) *vrn1ful2-*null mutants. Yellow arrows indicate the partially repressed lower leaf ridges that develop into bracts (see [Fig. 2](#DEV175398F2){ref-type="fig"}D) and yellow dots indicate the upper ridges that develop into intermediate meristems that generate tiller-like structures with altered floral organs (see [Fig. 2](#DEV175398F2){ref-type="fig"}E-G). (C,F,I) *vrn1ful2ful3-*null mutants. Green arrows indicate basal lower leaf ridges that develop into normal leaves (see [Fig. 2](#DEV175398F2){ref-type="fig"}H) and green dots indicate upper ridges that produce lateral vegetative meristems that generate vegetative tillers with no floral organs (see [Fig. 2](#DEV175398F2){ref-type="fig"}I-J). Scale bars: 200 µm.

To characterize better the relative effects of *VRN1* and *FUL2*, we examined their individual effects when present as a single functional copy in a heterozygous state (underlined). Both *ful2-*null/*[Vrn-A1]{.ul} vrn-B1-null* (functional *Vrn-A1* allele for spring growth habit) and *ful2-*null/*vrn-A1*-null *[vrn-B1]{.ul}* (functional *vrn-B1* allele for winter growth habit) produced spike-like structures with leafy lateral shoots ([Fig. S6A,B](Fig. S6A,B)) and normal floral organs ([Fig. S6C](Fig. S6C)) but no viable seeds. The developing spikes of these plants showed lateral meristems with floral primordia ([Fig. S6D](Fig. S6D)), some of which later developed into spikelets with an elongated axis (rachilla) and leafy organs ([Fig. S6E-G](Fig. S6E-G)). By contrast, the presence of a single heterozygous copy of *FUL2* (*vrn1-*null/*ful-A2*-null *[Ful-B2]{.ul}*) was sufficient to generate more normal-looking spikelets ([Fig. S6H-J](Fig. S6H-J)), some of which were able to set viable seeds. Abnormal spikelets ([Fig. S6I](Fig. S6I)) and basal branches with lateral spikelets and fertile florets ([Fig. S6J](Fig. S6J)) were also observed in this mutant. Taken together, these results indicate that *VRN1*, *FUL2* and *FUL3* have redundant and essential roles in spikelet development, with *FUL2* having the strongest effect and *FUL3* the weakest.

Transcript levels of *SHORT VEGETATIVE PHASE* (*SVP*)*-*like genes *VRT2*, *BM1* and *BM10* are upregulated in the developing spikes of the *vrn1ful2-*null mutant {#s2f}
------------------------------------------------------------------------------------------------------------------------------------------------------------------

A partial reversion of basal spikelets to vegetative tillers, similar to the one described above for the *vrn1ful2-*null mutant, has been described in barley lines overexpressing *SVP-*like genes *BM1* or *BM10* ([@DEV175398C43]). To test whether transcript levels of the *SVP-*like wheat genes were affected in the *vrn1ful2-*null mutants, we first determined their expression during normal spike development in Kronos. Transcript levels of the three related wheat paralogs *BM1*, *BM10* and *VRT2* (RefSeq v1.1 gene designations in Fig. S7) decreased three- to five-fold from the initial stages of spike development (W2, Waddington scale) to the floret primordium stage (W3.5) ([Fig. S7A-C](Fig. S7A-C)).

Next, we compared the transcriptional levels of the *SVP-*like wheat genes in *vrn1ful2-*null and *vrn1-*null mutants. Plants were grown for 53 days in a growth chamber until the developing spikes of *vrn1-*null reached the terminal spikelet stage and those from *vrn1ful2-*null had a similar number of lateral meristems. The transcript levels of *BM1*, *BM10* and *VRT2* in the developing spikes were roughly ten-fold higher in the *vrn1ful2-*null mutant than in the *vrn1-*null and control lines (*P*\<0.0001; [Fig. S7D-F](Fig. S7D-F)). These results suggest that *VRN1* and *FUL2* are either direct or indirect transcriptional repressors of the three wheat *SVP*-like genes.

*FUL2* and *VRN1* have redundant roles in spike determinacy and regulate the number of spikelets per spike {#s2g}
----------------------------------------------------------------------------------------------------------

Normal wheat spikes are determinate, with the distal IM transitioning into a terminal spikelet after producing a relatively stable number of lateral meristems ([Fig. 4](#DEV175398F4){ref-type="fig"}A). In *vrn1ful2-*null, by contrast, the IM was indeterminate ([Fig. 4](#DEV175398F4){ref-type="fig"}B) and continued to produce lateral meristems while growing conditions were favorable and eventually died without producing any terminal structure. In the *ful2*-null background, one functional copy of *VRN1* in the heterozygous state was sufficient to generate a determinate spike ([Fig. S6D](Fig. S6D), *ful2-*null/*vrn-A1-*null *[vrn-B1]{.ul}*), and the same was true for a single functional copy of *FUL2* in a *vrn1-*null background ([Fig. S6K](Fig. S6K), *vrn1-*null/*full-A2*-null [*Ful-B2*]{.ul}). Fig. 4.***VRN1* and *FUL2* play redundant roles in the control of spike determinacy and spikelet number.** (A) Scanning electron microscopy of a normal wheat spike with a terminal spikelet in the *vrn1-*null mutant. (B) *vrn1ful2*-null mutant spike with indeterminate apical meristem. (C-E) Number of spikelets per spike in a growth chamber experiment (*n*=6). (C) *vrn1-*null (58% increase over control), (D) *ful2-*null (10% increase) and (E) *ful3-*null (no significant increase). Bars represent mean±s.e.m. and asterisks indicate statistically significant difference to the control line. \*\**P*\<0.01; \*\*\**P*\<0.001; NS, *P*\>0.05, calculated by unpaired, two-tailed *t*-test. (F) ANOVA averages and *P*-values for spike traits in *ful2-*null and sister control lines in the field (randomized complete block design with 8 blocks).

The individual *vrn1-*null and *ful2-*null homozygous mutants showed a larger number of spikelets per spike than the control. This increase was 58% in the *vrn1-*null mutant (*P\<*0.0001; [Fig. 4](#DEV175398F4){ref-type="fig"}C) and 10% in the *ful2-*null mutant (*P*=0.0014; [Fig. 4](#DEV175398F4){ref-type="fig"}D). Although no significant increases in the number of spikelets per spike were detected in the *ful3-*null mutant (*P*=0.4096; [Fig. 4](#DEV175398F4){ref-type="fig"}E), two independent transgenic lines overexpressing *FUL3* (*Ubi::FUL3*) showed an average reduction of 1.12 spikelets per spike relative to their non-transgenic sister lines (*P=*0.0132 and *P*\<0.0001; [Fig. S8A](Fig. S8A)), which indicates that *FUL3* does play a role in the timing of the transition from IM to terminal spikelet.

A similar reduction in the number of spikelets per spike was observed in two independent *Ubi::FUL2* transgenic lines (1.05 spikelets per spike reduction, *P*\<0.03; [Fig. S8B](Fig. S8B)). We then investigated the effect of this transgene in the presence of different *VRN1* and *VRN2* alleles in the *Ubi::FUL2*×*vrn1vrn2*-null F~2~ population. In the *vrn2-*null F~2~ plants, the differences in spikelet number between *Ubi::FUL2* and wild-type alleles were larger in *vrn1-*null than in the plants heterozygous for *VRN-A1* and *VRN-B1* (*Vrn1-*Het) (interaction *P\<*0.0001; [Fig. S8C](Fig. S8C)). In a separate group of F~2~ plants fixed for *Vrn1-*Het and segregating for *VRN2* and *FUL2*, we did not detect significant effects for *Ubi::FUL2* and the interaction was not significant ([Fig. S8D](Fig. S8D)). However, we observed 3.3 more spikelets per spike in plants carrying the *Vrn2*-wt allele than in those with the *vrn2*-null allele (*P*\<0.0001; [Fig. S8D](Fig. S8D)). These results suggest that the strong *Vrn-A1* allele for spring growth habit can mask the effects of the *Ubi::FUL2* transgene but not those of *VRN2* on the number of spikelets per spike.

Increased transcript levels of *CEN2*, *CEN4* and *CEN5* in developing spikes of the *vrn1ful2-*null mutant {#s2h}
-----------------------------------------------------------------------------------------------------------

Based on the strong effect observed in the *Arabidopsis tfl1* mutant and the *Antirrhinum cen* mutant on inflorescence determinacy ([@DEV175398C4]; [@DEV175398C37]), we investigated the effect of the *vrn1ful2*-null mutations on the expression levels of the *TFL1*/*CEN-*like wheat homologs in developing spikes. Since no previous nomenclature was available for the wheat *CEN* paralogs, we assigned them numbers to match their chromosome locations, and designated them as *CEN2*, *CEN4* and *CEN5* (RefSeq v1.1 designations can be found in the legend of [Fig. S9](Fig. S9)). The transcript levels of these three genes were downregulated as the developing spike progressed from the double-ridge stage to the floret primordium stage (Waddington scale 2 to 3.5) ([Fig. S9A-C](Fig. S9A-C)).

Comparison of *vrn1ful2-*null and *vrn1-*null plants grown for 53 days in the same growth chamber showed that the transcript levels of *CEN2*, *CEN4* and *CEN5* were significantly higher (*P*\<0.0001) in the developing spikes of the *vrn1ful2-*null mutant than in those of the *vrn1-*null mutant or the Kronos control (all in *vrn2-*null background). These differences were larger for *CEN2* and *CEN4* than for *CEN5* ([Fig. S9D-F](Fig. S9D-F)). Taken together, these results suggested that *VRN1* and *FUL2* work as transcriptional repressors of the *TFL1*/*CEN-*like wheat homologs.

The *ful2*-null mutant produces a higher number of florets per spikelet and more grains per spike in the field {#s2i}
--------------------------------------------------------------------------------------------------------------

In addition to the higher number of spikelets per spike, the *ful2-*null mutant produced a higher number of florets per spikelet than the Kronos control, an effect that was not observed for *vrn1-*null ([Fig. 2](#DEV175398F2){ref-type="fig"}A) or *ful3-*null ([Fig. S10A](Fig. S10A)). The mean increase in floret number was similar in *ful2-*null (1.3 florets) and *ful2ful3-*null (0.9 florets), suggesting that *FUL3* has a limited effect on this trait. In spite of some heterogeneity in the distribution of spikelets with extra florets among spikes, the differences between the control and the *ful2-*null mutants were significant at all spike positions ([Fig. S10B](Fig. S10B)).

Similar increases in the number of florets per spikelet have previously been reported in Kronos plants overexpressing *miRNA172* under the *UBIQUITIN* promoter ([@DEV175398C7]). To study the genetic interactions between *Ubi::miR172* and *ful2-*null we crossed the transgenic and mutant lines and studied their effects on floret number in the progeny using a two-way factorial ANOVA. We detected significant differences in mean floret number for both *ful2-*null and *Ubi::miR172* (*P\<*0.01) and a marginally significant interaction (*P\<*0.0435) that can be visualized in the interaction graph in [Fig. S10C](Fig. S10C). The differences in average floret number between *ful2*-null and the wild-type control were larger (and more variable) in the *Ubi::miR172* than in the non-transgenic background ([Fig. S10C](Fig. S10C)). This synergistic interaction suggests that *miRNA172* and *FUL2* may control floret number through a common pathway. Both the mutant and transgenic lines showed heterogeneity among spikes in the location of spikelets with increased numbers of florets ([Fig. S10D-F](Fig. S10D-F)).

Based on its positive effect on the number of florets per spikelet and spikelets per spike (and its small effect on heading time), we selected the *ful2*-null mutant for evaluation in a replicated field experiment. Relative to the control, the *ful2-*null mutant produced 20% more spikelets per spike (*P=*0.0002) and 9% more grains per spikelet (*P=*0.05), which resulted in a 31% increase in the number of grains per spike (*P*=0.0002; [Fig. 4](#DEV175398F4){ref-type="fig"}F). Although part of the positive effect on grain yield was offset by a 19% reduction in average kernel weight (*P*=0.0012), we observed a slight net increase of 6% in total grain weight per spike (*P*=0.09; [Fig. 4](#DEV175398F4){ref-type="fig"}F). This negative correlation between grain number and grain weight suggests that in this particular genotype by environment combination grain yield was more limited by the 'source' (produced and transported starch) than by the 'sink' (number and size of grains).

DISCUSSION {#s3}
==========

Results from this study have shown that wheat *VRN1*, *FUL2* and *FUL3* genes have overlapping functions in stem elongation, flowering time and spike development, which are discussed separately in the following sections.

Mutations in *VRN1*, *FUL2* and *FUL3* reduce stem elongation {#s3a}
-------------------------------------------------------------

We detected highly significant effects of *VRN1*, *FUL2* and *FUL3* on plant height and significant synergistic interactions ([Fig. 1](#DEV175398F1){ref-type="fig"}A,C). These results suggest that *VRN1*, *FUL2* and *FUL3* have redundant functions in the regulation of stem elongation, and that their individual effects are magnified in the absence of the other paralogs. Significant reductions in plant height have also been reported for rice mutants *mads14* (12.2% reduction) and *mads15* (9.0% reduction), and the double mutant (43.8% reduction), suggesting a conserved function in grasses ([@DEV175398C49]).

Although the molecular mechanisms by which these genes affect stem elongation are currently unknown, an indirect way by which they may contribute to this trait is through their strong effect on the regulation of *FT1* ([Fig. S5](Fig. S5)), which is associated with the upregulation of gibberellic acid (GA) biosynthetic genes in the developing spike ([@DEV175398C33]). A recent study has shown that rice *HEADING DATE 3* (*Hd3*) and *RICE FLOWERING LOCUS T 1* (*RFT1*), the orthologs of wheat *FT1*, can increase stem responsiveness to GA by reducing *PREMATURE INTERNODE ELONGATION 1* (*PINE1*) expression in the SAM and compressed stem ([@DEV175398C15]). In *Arabidopsis*, a number of genes involved in hormone pathways are direct targets of FUL, which may explain the shorter stem and internodes detected in the *ful* mutant ([@DEV175398C2]). A characterization of the direct DNA targets and protein interactors of VRN1, FUL2 and FUL3 may shed light on the mechanisms responsible for the conserved role of these genes in plant height in grasses.

Mutations in *VRN1*, *FUL2* and *FUL3* delay flowering initiation in wheat {#s3b}
--------------------------------------------------------------------------

*VRN1* is one of the main genes controlling natural variation in wheat flowering time ([@DEV175398C13]; [@DEV175398C21]; [@DEV175398C50]; [@DEV175398C52]), so it was not surprising that *vrn1-*null delayed heading time more than *ful2-*null or *ful3-*null. Although the strong *Vrn-A1* allele for spring growth habit masked the smaller effects of *FUL2* and *FUL3* ([Fig. 1](#DEV175398F1){ref-type="fig"}A-C), in the *vrn1*-null background, the *ful2-*null and *ful3-*null mutants showed delayed flowering initiation and increased number of leaves ([Fig. 1](#DEV175398F1){ref-type="fig"}B,F), indicating that *FUL2* and *FUL3* have retained some residual functionality in the acceleration of wheat flowering time. This was further confirmed by the accelerated flowering of the *Ubi::FUL2* and *Ubi::FUL3* transgenic plants ([Fig. S4A,B](Fig. S4A,B)). Similar results have been reported in *Brachypodium distachyon* and rice. In *Brachypodium*, overexpression of *VRN1* ([@DEV175398C38]), *FUL2* or *FUL3* ([@DEV175398C25]) accelerates flowering, and downregulation of *VRN1* delays flowering relative to non-transgenic controls ([@DEV175398C48]). In rice, overexpression of *MADS15* also accelerates flowering ([@DEV175398C27]). These results suggest a conserved role of these genes in the regulation of flowering time in grasses.

Previous studies have shown a significant genetic interaction between wheat *VRN1* and *VRN2* in the regulation of heading time ([@DEV175398C42]). This study shows that similar interactions exist between *FUL2* and *VRN2* ([Fig. S4C,D](Fig. S4C,D)). A tetraploid wheat population segregating for *VRN1*, *FUL2* and *VRN2* revealed highly significant two-way and three-way interactions among these genes, indicating that the effect of each of these genes on heading time is dependent on the particular combination of alleles present for the other two. Previous studies have shown that part of the ability of *VRN1* to accelerate flowering depends on its ability to repress *VRN2* ([@DEV175398C5]). The larger effect on heading time of the *Ubi::FUL2* transgene in the presence of functional *Vrn2* allele than in the *vrn2-*null background ([Fig. S4C,D](Fig. S4C,D)) suggests that *FUL2* repression of *VRN2* can also contribute to its ability to accelerate heading time.

Interestingly, mutations in *VRN1*, *FUL2* and *FUL3* were associated with delayed induction of *FT1* even in the absence of functional *VRN2* alleles ([Fig. S5](Fig. S5)). Lines carrying the wild-type *VRN1* allele showed high levels of *FT1* in the leaves six weeks earlier than lines carrying the *vrn1-*null allele and flowered 37 days earlier. Among the lines carrying the *vrn1-*null allele, those with mutations in both *FUL2* and *FUL3* showed the latest induction of *FT1* ([Fig. S5C,D](Fig. S5C,D)) and had 3.3 more leaves (excluding leaves in the spike-like structure; [Fig. 1](#DEV175398F1){ref-type="fig"}B). However, in 14-week-old *vrn1ful2ful3-*null plants, *FT1* transcripts still reached higher levels than *ACTIN.* These results indicate that VRN1, FUL2 and FUL3 are positive transcriptional regulators of *FT1* but they are not essential for its expression in the leaves.

FT1 has also been shown to be a positive regulator of *VRN1* expression in both leaves and SAM. Natural variation or transformation experiments that affect *FT1* transcript levels in the leaves are always associated with parallel changes in *VRN1* expression ([@DEV175398C28]; [@DEV175398C51]). Taken together, these results suggest the existence of a positive regulatory feedback loop in which each gene acts as a positive regulator of the other. Although this feedback loop can be mediated in some cases by *VRN2* ([@DEV175398C9]), results from this study and from [@DEV175398C40] in a *vrn2*-null background suggest the existence of a positive feedback loop that operates independently of *VRN2*. This hypothesis is supported by the ability of the FT1--FDL2--14-3-3C protein complex to bind to the wheat *VRN1* promoter *in vitro* ([@DEV175398C24]) and of VRN1 to bind to the *FT1* promoter in ChIP-seq experiments ([@DEV175398C8]). Studies in rice have suggested the possibility of a similar regulatory feedback loop between the orthologous genes ([@DEV175398C22]).

*VRN1*, *FUL2* and *FUL3* play critical and redundant roles in spikelet development {#s3c}
-----------------------------------------------------------------------------------

RNA *in situ* hybridization studies at the early stages of inflorescence development in *Lolium temulentum* ([@DEV175398C14]), wheat and oat ([@DEV175398C35]), and early-diverging grasses ([@DEV175398C36]) have shown *VRN1* and *FUL2* expression in the IM, lateral SMs and FMs. Similarly, transgenic barley plants transformed with a *VRN-H1* promoter fused with GFP showed fluorescence in the three meristems ([@DEV175398C1]). VRN1, FUL2 and FUL3 can interact with different MADS-box partners in the IM, SMs and FMs and, therefore, mutations in these genes can alter different functions in different meristems.

The significant effects of *VRN1*, *FUL2* and *FUL3* on the timing of the transitions from the vegetative SAM to IM and from IM to terminal spikelet indicate that these genes play important roles in the acquisition and termination of IM identity. During the early stages of spike development both *vrn1ful2-*null and *vrn1ful2ful3-*null mutants showed an elongated double-ridge structure with lateral meristems organized in a distichous phyllotaxis that were similar to the Kronos control ([Fig. 3](#DEV175398F3){ref-type="fig"}A-C), and both mutants had a rachis similar to a normal spike rachis ([Fig. 2](#DEV175398F2){ref-type="fig"}B). These results suggest that these IM functions were not disrupted by the combined mutations in *VRN1*, *FUL2* and *FUL3*.

After the double-ridge stage, the development of the lateral meristems diverged drastically in *vrn1ful2-*null and *vrn1ful2ful3-*null mutants relative to the *vrn1-*null control. In *vrn1-*null, the upper ridges transitioned into SMs that generated normal spikelets, whereas in *vrn1ful2ful3-*null they transitioned into lateral VMs that generated inflorescence tillers (which we interpret as the default identity of an axillary meristem). The *vrn1ful2-*null mutant generated an intermediate structure that produced both leafy-floral organs and leaves. Based on these results we concluded that *VRN1*, *FUL2* and *FUL3* play essential and redundant roles in spikelet and floral development. However, we currently do not know whether the transition of the upper ridges to SMs requires the expression of functional VRN1, FUL2 and FUL3 proteins in the upper ridge, in the IM, or in both.

Replacement of basal spikelets with inflorescence tillers similar to the ones described for *vrn1ful2ful3-*null was observed in barley plants overexpressing *BM1* and *BM10* ([@DEV175398C43]). These two genes, together with *VRT2*, are related to the *Arabidopsis* MADS-box genes *SVP* and *AGAMOUS-LIKE 24* (*AGL24*), which play important roles in the formation of floral meristems ([@DEV175398C18]; [@DEV175398C26]). In *Arabidopsis*, *SVP* and *AGL24* are directly repressed by AP1 ([@DEV175398C18]). In the absence of AP1, ectopic expression of *SVP* and *AGL24* transformed floral meristems into shoot meristems ([@DEV175398C26]). The upregulation of *VRT2*, *BM1* and *BM10* in the *vrn1ful2-*null developing wheat spikes ([Fig. S7](Fig. S7)), together with the transgenic barley results, suggest that these genes may have contributed to the observed replacement of spikelets by vegetative tillers in *vrn1ful2-*null plants.

Both *vrn1ful2*-null and *vrn1ful2ful3*-null mutants showed reduced suppression of the lower leaf ridge {#s3d}
-------------------------------------------------------------------------------------------------------

An important characteristic of a grass IM is the complete suppression of the lower leaf ridge subtending all branching events, which in the wheat spike is the suppression of the lower leaf ridge subtending the spikelet. This suppression was disrupted in the *vrn1ful2-*null and *vrn1ful2ful3-*null mutants, which developed bracts or leaves subtending the inflorescence tillers ([Fig. 2](#DEV175398F2){ref-type="fig"}C,D,H-J). These results suggest that all three genes contribute to the suppression of the lower leaf ridge, but we do not know whether this suppression requires the expression of VRN1, FUL2 and FUL3 in the lateral meristem, in the IM, or in both. In this case, an indirect IM effect seems more likely because *in situ* hybridization studies have detected *VRN1* and *FUL2* (or their grass orthologs) in the upper ridge rather than in the lower leaf ridge ([@DEV175398C14]; [@DEV175398C35]; [@DEV175398C36]). However, a more direct effect on the lateral meristem cannot be ruled out because a VRN1--GFP fusion driven by the *VRN1* promoter was detected in the lower leaf ridge of the developing spike in barley ([@DEV175398C1]).

The inflorescence tillers subtended by leaves in *vrn1ful2ful3-*null were not very different from vegetative tillers, but there was a difference that marked a clear boundary between them. In rice and wheat, true leaves do not show axillary buds or tillers until 4-5 younger leaves are formed ([@DEV175398C12]; [@DEV175398C32]). Then, bud development into tillers proceeds sequentially from older to younger leaves. By contrast, leaves developed from the lower leaf ridge in *vrn1ful2ful3-*null ([Fig. 3](#DEV175398F3){ref-type="fig"}C,F) had axillary meristems (the upper ridge) from the beginning, which rapidly developed into axillary tillers ([Fig. 2](#DEV175398F2){ref-type="fig"}H, L19 and L20). True leaves below the inflorescence ([Fig. 2](#DEV175398F2){ref-type="fig"}H, L11-L18) showed no visible axillary buds, which is normal for wheat leaves that subtend an elongated internode ([@DEV175398C47]). In summary, even in the *vrn1ful2ful3-*null mutant a clear boundary was established between the inflorescence and the vegetative leaves.

Interpretation of observed meristem identity changes {#s3e}
----------------------------------------------------

An inflorescence phenotype similar to the one described here for the *vrn1ful2ful3*-null wheat mutant has been described for the rice *mads14mads15mads18pap2* quadruple knockdown, in which the panicle was replaced by tillers subtended by leaves ([@DEV175398C22]). The authors of the rice study interpreted this phenotype as the result of an incomplete transition between the vegetative SAM and the IM, and suggested that these genes act redundantly to promote IM identity and, therefore, are IM identity genes.

In wheat *vrn1ful2ful3*-null, the changes observed in the lateral meristems can also be explained by postulating an indirect effect of the IM on the regulation of genes expressed in the signaling centers flanking the lateral meristems. However, the same changes can be explained by a more direct effect of non-functional VRN1, FUL2 and FUL3 proteins in the lateral meristem, where they are normally expressed. If this second interpretation is correct, *VRN1*, *FUL2* and *FUL3* should be considered to include SM identity functions, in addition to IM and FM identity functions. This proposed SM identity function is consistent with the role of homologous FM identity genes *AP1*, *CAL* and *FUL* in *Arabidopsis* ([@DEV175398C11]). Regardless of their direct or indirect effect on SM identity, *VRN1*, *FUL2* and *FUL3* are essential for spikelet development in both wheat and rice.

This does not seem to be the case for the rice gene *PAP2* or its wheat ortholog *AGLG1* ([@DEV175398C50]). [@DEV175398C22] suggested that the loss of function of this gene was important for the rice *mads14mads15mads18pap2* phenotype. However, the complete suppression of spikelets in the presence of functional *PAP2*/*AGLG1* genes in rice *mads14mads15* ([@DEV175398C49]) and wheat *vrn1ful2ful3*-null mutants suggests a less critical role for *PAP2* in SM identity.

*VRN1* and *FUL2* have essential and redundant roles in wheat spike determinacy {#s3f}
-------------------------------------------------------------------------------

The determinate growth of the wheat spike is marked by the transition of the distal IM into a SM and the formation of a terminal spikelet. However, the *vrn1ful2-*null mutants were unable to form spikelets and the IM remained indeterminate. A single functional copy of *VRN1* or *FUL2* in a heterozygous state was sufficient to restore spike determinacy ([Fig. S5D,K](Fig. S5D,K)), suggesting that the wheat IM is very sensitive to the activity of these genes.

Loss-of-function mutations in *TERMINAL FLOWER 1* (*TFL1*) in *Arabidopsis* or in the *CENTRORADIALIS* (*CEN*) homolog in *Antirrhinum* result in the formation of a terminal flower and the transformation of indeterminate into determinate inflorescences ([@DEV175398C4]; [@DEV175398C37]). In rice, knockdowns of the four *CEN* homologs (*RCN1*-*RCN4*) reduced the number of branches, whereas their overexpression increased branch number by competing with rice *FT* homologs ([@DEV175398C17]; [@DEV175398C31]). In wheat, overexpression of *CEN-D2* extended the duration of the double-ridge stage and increased the number of spikelets per spike ([@DEV175398C45]), whereas loss-of-function mutations in barley *CEN2* reduced the number of spikelets per spike ([@DEV175398C3]). Based on these results, we hypothesize that the upregulation of the wheat *CEN2*, *CEN4* and *CEN5* homologs in the developing spike of the *vrn1ful2*-null mutant might have contributed to its indeterminate growth.

The *vrn1*-null and *ful2*-null mutants have a higher number of spikelets per spike {#s3g}
-----------------------------------------------------------------------------------

We showed in this study that the timing of the transition between the IM and the terminal spikelet is modulated by *VRN1* and *FUL2* and that this affects the number of spikelets per spike*.* The stronger effect of *vrn1-*null (nine additional spikelets; [Fig. 4](#DEV175398F4){ref-type="fig"}C) relative to *ful2-*null (two additional spikelets; [Fig. 4](#DEV175398F4){ref-type="fig"}D) is likely associated with *VRN1*'s stronger effect on heading time ([Fig. 1](#DEV175398F1){ref-type="fig"}A-C), which provides more time for the formation of additional spikelets. This seems to be also the case in rice, where overexpression of *MADS15* resulted in reduced number of primary branches in the panicle ([@DEV175398C27]). Similarly, a premature stop codon mutation in a homolog of *AP1* in rapeseed altered plant architecture and increased the number of seeds per plant ([@DEV175398C39]). Taken together, these results suggest that mutations in this group of meristem identity genes may be useful to modulate seed number in different plant species.

In addition to its effect on spikelet number, the *ful2*-null mutation was also associated with an increase in the number of florets per spikelet, which suggests that this gene contributes to maintaining a limited number of florets per spikelet ([Fig. S10C-F](Fig. S10C-F)). This effect was not detected in *vrn1*-null and *ful3-*null. Since a higher number of florets per spikelet and increased spikelet number can both contribute to increases in grain yield potential, we explored the effect of the *ful2-*null mutant on grain yield components. In a field study, the *ful2*-null plants showed a 30.8% increase in the average number of grains per spike compared with the control sister lines. Although in this experiment the positive increase in grain number was partially offset by a decrease in average grain weight, the total grain weight per spike was still slightly higher (6.3%) in the *ful2-*null mutant relative to the control. It would be interesting to test whether the introgression of this mutation in genotypes with high biomass (increased 'source') grown under optimum agronomic conditions can reduce the negative correlation between grain number and grain weight.

In summary, our results indicate that *VRN1*, *FUL2* and *FUL3* play redundant and essential roles in spikelet development, repression of the lower leaf ridge and spike determinacy, and that mutations in *VRN1* and *FUL2* can be used to increase the number of spikelets per spike, an important component of grain yield. These results suggest that a better understanding of the processes that control the development of grass flowers and inflorescences may contribute to improving the productivity of a group of species that is critical for the global food supply.

MATERIALS AND METHODS {#s4}
=====================

Selected mutations and mutant combinations {#s4a}
------------------------------------------

An ethyl methane sulphonate (EMS) mutagenized population of the tetraploid wheat variety Kronos was screened for mutations initially using *Cel*I assays ([@DEV175398C44]) and later using BLAST searches in the database of sequenced mutations for the same population ([@DEV175398C23]). We identified loss-of-function mutations in the A and B genome homologs of *FUL2* and *FUL3*, which were confirmed using genome-specific primers described in [Table S1](Table S1). Single-genome mutants were backcrossed two or three times to Kronos *vrn2-*null to reduce background mutations. The wild-type Kronos carries a functional *VERNALIZATION 2* (*VRN2*) flowering repressor, which results in extremely late flowering in the presence of the *vrn1-*null mutation ([@DEV175398C5]). To avoid this problem all mutants described in this study were developed in a Kronos *vrn2-*null background ([@DEV175398C10]), unless indicated otherwise.

For *FUL-A2*, we selected line T4-837 (henceforth *ful-A2*), which has a mutation in the splice donor site of the fifth intron. RT-PCR and sequencing analysis of the *ful-A2* transcripts revealed two incorrect splicing forms. The most abundant form skipped the fifth exon, which resulted in a deletion of 14 amino acids in the middle of the K-box (Δ144-157). In the other alternative splicing form, the retention and translation of the fifth intron generated a premature stop codon that disrupted the K-box and removed the entire C-terminus ([Fig. S2A](Fig. S2A)). For *FUL-B2*, we selected line T4-2911 that carries a C-to­-T change at nucleotide 484 (henceforth *ful-B2*). The *ful-B2* mutation generates a premature stop codon at position 162 (Q162\*) that removed the last 13 amino acids of the K-box and the entire C-terminus ([Fig. S2A](Fig. S2A)).

For *FUL-A3*, we selected line T4-2375 that carries a G-to-A mutation in the splice acceptor site of the third intron. Sequencing of *ful-A3* transcripts revealed that this mutation generated a new splice acceptor site that shifted the reading frame by one nucleotide. The alternative translation generated a premature stop codon that truncated 72% of the K-box and the entire C-terminus ([Fig. S2B](Fig. S2B)). For *FUL-B3*, we selected line T4-2139 that carries a C-to-T mutation at nucleotide position 394 that generates a premature stop codon at amino acid position 132 (Q132\*). This premature stop removed half of the K-box and the complete C-terminus ([Fig. S2B](Fig. S2B)). Given the critical roles of the K-domain in protein--protein interactions, and the C-terminal domain in transcriptional activation, these selected mutations are expected to impair the normal function of the FUL2 and FUL3 proteins.

The A and B-genome mutants for each gene were intercrossed to generate double mutants, which for simplicity, are referred to hereafter as null mutants. The *ful2*-null and *ful3-*null were intercrossed with a *vrn1vrn2-*null mutant (*vrn-A1-*null T4-2268/*vrn-B1* T4-2619/*vrn2-*null) ([@DEV175398C5]) to generate *vrn1ful2*-null and *vrn1ful3*-null, which were finally intercrossed to generate *vrn1ful2ful3*-null (all in a *vrn2-*null background). The *vrn1ful2*-null and *vrn1ful2ful3*-null mutants were sterile, so they were maintained and crossed by keeping the *ful-B2* mutation in heterozygous state. The single mutants are available as part of the publicly available sequenced TILLING populations ([@DEV175398C23]) and the mutant combinations are available upon request.

Transgenic Kronos plants overexpressing *FUL2* and *FUL3* coding regions were generated at the UC Davis Transformation facility using *Agrobacterium*-mediated transformation. The coding regions of these two genes were cloned from Kronos into the binary vector pLC41 (Japan Tobacco, Tokyo, Japan) downstream of the maize *UBIQUITIN* promoter. A C-terminal 3×HA tag was added to FUL2 and a C-terminal 4×MYC tag was added to FUL3. Mutant and transgenic wheat plants were grown in PGR15 CONVIRON chambers under LD (16 h light/8 h dark, light intensity ∼330 μM m^−2^ s^−1^) at 22°C during the day and 18°C during the night.

To study the effect of *Ubi::FUL2* in different genetic backgrounds we crossed the Kronos *Ubi::FUL2* with Kronos-*vrn1vrn2*-null and analyzed the effect of the three genes in the F~2~ progeny under greenhouse conditions. A field experiment comparing *ful2*-null and its control line was performed at the University of California, Davis field station during the 2017-2018 growing season (sowed on 12/01/2017 and harvested on 06/25/2018). One-meter rows (30 grains per row) were used as experimental units and the experiment was organized in a randomized complete block design with eight blocks. During the growing season plants received 200 units of N as ammonium sulfate, three irrigations, one application of broad-leaf herbicides (2,4D and Buctril, Bayer Corporation) and alternating applications of fungicides Quadris and Tilt (Syngenta) every 2 weeks.

Effect of the splice site mutations in *ful-A2* and *ful*-*B3* mutants {#s4b}
----------------------------------------------------------------------

To determine the effect of the splice site mutations in *ful-A2* and *ful-B3*, we extracted total RNA from leaf samples using the Spectrum Plant Total RNA kit. cDNA was synthesized from 2 µg of RNA using the High Capacity Reverse Transcription Kit according to the manufacturer\'s instructions and used as RT-PCR template. For *ful-A2*, we used primers FUL2-837-F (5′-CCATACAAAAATGTCACAAGC-3′) and FUL2-837-R (5′-TTCTGC CTCTCCACCAGTT-3′) for RT-PCR. These primers, which are not genome-specific, amplified three fragments of 303 bp, 220 bp and 178 bp. We gel-purified these fragments, cloned them into pGEM-T vector (Promega), and sequenced them. The 220 bp fragment was from the wild-type *FUL-B2* allele, whereas the other two fragments corresponded to two alternative splicing forms of *ful-A2* that either retained the fifth intron (303 bp) or skipped the fifth exon (178 bp).

For the *ful-B3* mutant, we performed RT-PCR using primers FUL3-2375-F (5′-ATGGATGTGATTCTTGAAC-3′) and FUL3-2375-R (5′-TGTCCTGCAGAAGCACCTCGTAGAGA-3′). Sequencing analysis of the PCR products showed that the G-to-A mutation generated a new splice acceptor site with an adjacent G that shifted the reading frame by one nucleotide after 333 bp, and generated a premature stop codon.

Scanning electron microscopy (SEM) {#s4c}
----------------------------------

Apices from different developmental stages were dissected and fixed for a minimum of 24 h in FAA \[50% ethanol, 5% (v/v) acetic acid, 3.7% (v/v) formaldehyde\], and then dehydrated through a graded ethanol series to absolute ethanol. Samples were critical-point-dried in liquid CO~2~ (tousimis 931 Series critical point drier), mounted on aluminium stubs, sputter-coated with gold (Bio-Rad SEM Coating System Model E5100), and examined with a Philips XL30 scanning electron microscope operating at 5 kV. Images were recorded at slow scan 3 for high definition and saved as TIFF files.

RNA extraction and real-time qPCR analysis {#s4d}
------------------------------------------

RNAs from apices were extracted using Trizol reagent (Thermo Fisher Scientific, 15596026). A 1 µg aliquot of RNA was used for cDNA synthesis following the manufacturer\'s instructions for the High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific, 4368814). The cDNA was then diluted 20 times and 5 µl of the dilution was mixed with 2×VeriQuest Fast SYBR Green qPCR Master Mix (Affymetrix, 75690) and with primers for the real-time qPCR analysis. Primer sequences are listed in [Table S2](Table S2). *INITIATION* *FACTOR 4A* (*IF4A*) and *ACTIN* were used as endogenous controls. Transcript levels for all genes are expressed as linearized fold-change from *IF4A* levels calculated by the formula 2^(*IF4A*\ CT\ --\ *TARGET*\ CT)^±s.e.m. The resulting number indicates the ratio between the initial number of molecules of the target gene and the number of molecules in the endogenous control.
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